ABSTRACT -Computational models of traumatic brain injury (TBI) can predict injury-induced brain deformation. However, predicting the biological consequences (i.e. cell death or dysfunction) of induced brain deformation requires tolerance criteria. Here, we present a tolerance criterion for the cortex which exhibits important differences from that of the hippocampus. Organotypic slice cultures of the rat cortex, which maintain tissue architecture and cell content consistent with that in vivo, were mechanically injured with an in vitro model described previously. Cultures were stretched equibiaxially up to 0.35 Lagrangian strain at strain rates up to 50 s -1 . Cell death was quantified at 1, 2, 3, and 4 days following injury. Statistical analysis (repeated measures ANOVA) showed that all three factors (Strain, Strain Rate, and Time post-injury) significantly affected cell death. An equation describing cell death as a function of the significant parameters was then fit to the data. Compared to the hippocampus, the cortex was less vulnerable to stretch-induced injury and demonstrated a strain threshold below 0.20. Strain rate was also a significant factor for cortical but not hippocampal cell death. Cortical cell death began at an earlier time point than in the hippocampus, with cell death evident at 1 day post-injury versus 3 days in the hippocampus. In conclusion, different regions of the brain respond differently to identical mechanical stimuli, and this difference should be incorporated into finite element models of TBI if they are to more accurately predict in vivo consequences of TBI.
INTRODUCTION
Traumatic brain injury (TBI) remains one of the leading causes of death and disability worldwide (Murray et al., 1996) . Of the 1.4 million people who sustain a TBI each year in the United States, 50,000 die and 235,000 are hospitalized . Despite the development of superior safety systems and improved vehicular crash worthiness, motor vehicle accidents remain one of the major causes of TBI in the United States, second only to falls . This motivates our study of the biomechanics of brain injury to reduce the societal cost of TBI through a better understanding of the mechanical events that lead to injury.
Finite element (FE) models of injury continue to represent a viable tool for improving our understanding of the mechanical events occurring within the traumatically injured brain during the injury event (Kleiven et al., 2002; Levchakov et al., 2006; Mao et al., 2006; Takhounts et al., 2003; Zhang et al., 2001b; Zhang et al., 2001a) . The utility of these models in predicting physiologic outcomes of simulations relies on tolerance criteria capable of describing the response of each part of the brain to the mechanical parameters reported from the simulation.
One method to develop tissue-level tolerance criteria is to correlate FE model outputs to patterns of injury produced in experimental animal models of TBI, cadaver impact studies, or post-mortem material from human cases (Bain et al., 2000; Doorly et al., 2006; Franklyn et al., 2005; Hardy et al., 1994; Mao et al., 2006; Miller et al., 1999; Shreiber et al., 1999a; Willinger et al., 1999; Zhang et al., 2004) . The outcomes predicted by these tolerance criteria include diffuse axonal injury (DAI), electrophysiologic dysfunction, neurite and axonal retraction, and cell death. The studies suggested that different variables, such as maximum principal strain, maximum shear strain, shear stress, and pressure, were capable of predicting injurious outcomes. Further studies of CNS injury have focused on maximum principal strain as a strong indicator of injury, predicting thresholds at or below 0.20 Lagrangian strain (Bain et al., 2000; Margulies et al., 1990; Margulies et al., 1992; Singh et al., 2006) . Tolerance criteria have also been defined with the viscous criterion, the product of the magnitude and rate of tissue deformation, for tissues such as the spinal cord (Kearney et al., 1988; Viano and Lau, 1988) . In a previous study we found that stretch injury to the hippocampus was not rate dependent (Cater et al., 2006) . Because brain is a viscoelastic tissue however (Brands et al., 2000; Nicolle et al., 2005; Prange et al., 2002) , tolerance criteria for the cortex may depend on the rate of deformation, or strain rate, in addition to strain.
In the present study, our well-characterized, in vitro model of TBI (Cater et al., 2006; Cater et al., 2007; Morrison, III et al., 2003; Morrison, III et al., 2006) was used to directly evaluate the temporal development of cell death following stretch injury in the cortex. Our model is advantageous because it allows unfettered access to living tissues for repeated measurements in the same specimen over time while maintaining in vivo like tissue architecture. Slices are reproducibly injured with precisely defined mechanical stimuli (strain and strain rate) within ranges relevant to TBI. Using this model, cell death tolerance criteria for the most vulnerable brain region, the hippocampus, have been developed (Cater et al., 2006; Morrison, III et al., 2003) . Herein, a tolerance criterion for the cortex is determined and compared to the hippocampus criteria. We hypothesize that different brain regions respond differently to mechanical stimuli and thus require a different tolerance criterion to describe their response to stretch injury. To test this hypothesis, we subjected organotypic slice cultures of the rat cerebral cortex to a wide range of mechanical stimuli (combinations of strain and strain rates) relevant to TBI and correlated the induced cell death to the mechanical injury parameters.
METHODS

Organotypic Slice Cultures
In brief, 8-10 day old Sprague-Dawley rats were decapitated and their brains removed † . Each cerebral hemisphere was removed maintaining the hippocampus in place. With the hippocampus face up, a strip of the cerebral cortex directly above the hippocampus was excised. The cortex was sectioned using a McIlwain tissue chopper (400 µm thickness, Harvard Apparatus, Holliston, MA). Slices were separated in ice-cold Geys salt solution supplemented † All animal welfare guidelines were strictly adhered to and all procedures were approved by the Columbia University Institutional Animal Care and Use Committee (IACUC) with 4.5 mg/mL D-glucose (Sigma, St. Louis, MO) using sterile blunt plastic spatulas. Slices were then plated on silicone membranes (Specialty Manufacturing, Saginaw, MI) coated with laminin and poly-D-lysine, bathed in Neurobasal medium (Invitrogen; supplemented with 1 mM L-glutamine, B27, and 4.5 mg/mL D-glucose), and placed on a rocker in an incubator at 37°C. After four days, Neurobasal medium was replaced with full serum medium (Sigma; 50% MEM, 25% HBSS, 25% Heat Inactivated horse serum, 2 µM L-glutamine, 4.5mg/mL D-glucose). Slices were cultured for 10-14 days prior to injury with media replenishment every 2-3 days.
Nissl Staining
Acute and two week old tissue slices were rinsed in ice cold PBS and fixed for 1 h in 4% formaldehyde. Slices were then dehydrated in a series of increasing concentrations of ethanol to 100% and then xylene. Slices were mounted on slides, rehydrated, stained in 0.02% thionin, dehydrated, and coverslipped with permount (Sigma).
Excitotoxic Injury
After two weeks in vitro, media was removed from the slices and replaced with full serum medium containing 10 mM glutamate (Sigma). After 3 h incubation, media was replaced with full serum medium and slices were returned to the incubator. At 24 h following glutamate exposure, slices were analyzed for cell death.
Mechanical Injury Model
The injury device and loading mechanism have been described previously and characterized in detail (Cater et al., 2006; Morrison, III et al., 2003; Morrison, III et al., 2006) . Briefly, after removing medium from the culture well, the cultured tissue was stretched equibiaxially by displacing the well and silicone substrate over a hollow cylindrical indenter. By controlling the speed and distance of the excursion, strain and strain rate were precisely controlled (Cater et al., 2006; Morrison, III et al., 2006) .
Strain histories followed a trapezoidal function: constant strain rate to a maximum strain followed by a return at a constant relaxation rate. Tissue deformation was verified with high speed video, and cultures that did not adhere to the substrate were removed from the analysis (Fig. 2) . A minimum of 16 cultures were injured at each combination of strain and strain rate (total n = 320). While on the injury device, cultures were kept at 37ºC. Control cultures were clamped on the device which was not activated (n = 70).
Quantification of Cell Death
The fluorescent dye propidium iodide (PI, Invitrogen), was used to measure cell death prior to and at 1, 2, 3, and 4 days following injury. Images were acquired at all time points using an Olympus IX71 microscope with rhodamine optics. All images were analyzed identically in MetaMorph (Molecular Devices, Downingtown, PA). Images were first corrected for non-specific background staining by applying a "gradient" filter followed by an "open" filter. The same threshold was then applied to all images, and cell death was quantified as the percent area of staining above the threshold within the slice (Fig. 3) . Pre-injury staining was subtracted from subsequent cell death measures.
Statistical Analysis
Cell death was logarithmically transformed to preserve a normal distribution and homoscedasticity for statistical analysis. A two-way repeated measures ANOVA was then performed on the complete set of data with cell death as the repeated measure (SPSS Inc. IL, v. 14.0). Significance (p < 0.05) of individual factors was determined by Bonferroni post-hoc tests. A function capable of predicting cell death following injury was then fit to the cell death data using the fminunc.m function in MATLAB (MathWorks, Natick, MA). Based on the repeated measures ANOVA, both strain and strain rate were significant factors, and they were subsequently included in the functional form of the fit to the entire set of data along with time post injury.
An equation was also fit to the cell death data at four days post-injury only.
In equations (1) and (2), CellDeath is percent area staining for dead cells, Strain is dimensionless Lagrangian strain, StrainRate is in s -1 , and Time is in days. c, i, j, and k are parameters to be fit to the data.
RESULTS
After two weeks in culture, slices remained viable and maintained in vivo-like morphology. Nissl staining revealed a neuronal organization similar to that of acutely dissected slices (Fig. 1) . Cultured slices underwent some degree of spreading and thinning with a noticeable border of non-neuronal cells surrounding the slice. The bottom strip of tissue that poorly stained for Nissl in the acute slice is present in the cultured slice as well but is less apparent due to spreading of the tissue (more apparent in brightfield transmission images; Fig. 4 ). This region was excluded during identification of the slice border because of its lack of neuronal cell bodies as well as its irregular and difficult to identify shape. A 3 h incubation with 10 mM glutamate produced intense staining for dead cells at 24 h following exposure (Fig. 2) . Cell death at 24 h (n = 10) was 67 ± 16% (mean ± SD).
Adhered cultures were mechanically stimulated by imposing an equibiaxial deformation on the underlying substrate at all combinations of Lagrangian strain (0.10, 0.20, 0.35) and strain rate FIGURE 1. Brightfield transmission images of acute (A) and cultured (B) slices of the cortex Nissl stained for visualization of neuronal cell bodies. Slice cultures were cut at a thickness of 400 µm and maintained an in vivo-like neuronal organization that was still evident after 14 days in vitro. (0.1, 1, 10, 20, 50 s -1 ). Culture deformation was verified by comparing images captured from high speed video of the injury at maximum stretch with an image of the culture at rest. Fig. 3A and B illustrate the 0.20 Lagrangian strain equibiaxial deformation of a culture. The area of the culture increased by ~44%, consistent with the desired applied strain. A random sample of videos (n = 5) was analyzed for each strain group and showed good correlation with the desired strain (Fig. 3B) .
A transmission image of a slice before injury illustrating the identification of the region of interest outlined around the slice is shown in Fig. 4 . Unfiltered PI stained images of the same slice before and at each time point after injury are also shown in Fig. 4 with adjacent PI images after analysis in MetaMorph. (B) Fluorescent images of the same slice stained with PI prior to injury and at 1, 2, 3, and 4 days post-injury with the corresponding binary images after image analysis in MetaMorph (filtering followed by thresholding). Percentages represent the percent area of the region of interest staining for dead cells. Images of the slice at rest (A) and at maximum stretch (B) were taken with a high speed camera, and the area of the slice at maximum stretch was divided by the area of the slice when unstretched. The slice culture area at maximum stretch increased by ~44% which is consistent with an equibiaxial stretch of 0.20 Lagrangian strain. This analysis was applied to a random sample (n = 5) from each strain group (C) (error bars = SD).
Cell death over time is plotted for each combination of strain and strain rate in Fig. 5 . Cell death staining increased over time beginning immediately at the first day post-injury. Cell death increased with strain and appeared to increase with strain rate but the data was noisy. Repeated measures ANOVA indicated that time, strain, and strain rate were significant factors (p < 0.05). Linear regression indicated that cell death was correlated with strain (R 2 = 0.92) and time post injury (R 2 = 0.95) (Fig. 6 ). Cell death was correlated to the logarithm of strain rate because of the large range (3 orders of magnitude) of strain rates examined in this study. The correlation, while suggesting a slight strain rate dependence, was weak (R 2 = 0.16).
Post-hoc tests revealed that the 0.10 Lagrangian strain group was no different than controls but that the 0.20 and 0.35 strain groups were significantly different from controls, as well as each other (p < 0.05). Post-hoc tests on cell death data at 4 days post-injury (considered the ultimate outcome) also showed no difference between controls and the 0.1 and 1 s -1 strain rate groups. The 10, 20, and 50 s -1 groups were significantly different from controls. Based on the results of the repeated measures ANOVA, the cell death function included dependence on time, strain, and strain rate. Fitting the entire set of data to equation (1) 
DISCUSSION
We have developed a tolerance criterion for the living rat cortex by injuring organotypic slice cultures of the cortex and quantifying the resultant cell death. Injury was accomplished with our well-characterized injury model (Cater et al., 2006; Morrison, III et al., 2003; Morrison, III et al., 2006) which was capable of mechanically stimulating the cultures with parameters relevant to TBI. We examined cortical tissue response to equibiaxial Lagrangian strains of 0.10, 0.20, 0.35 and strain rates of 0.1, 1, 10, 20, and 50 s -1 . Cell death data was fit to an empirical mathematical function incorporating significant postinjury factors.
Previously, we developed tolerance criteria for the living rat hippocampus (Cater et al., 2006) . Those tolerance criteria can serve as predictors for the time course of cell death in the hippocampus given its maximum deformation during injury. The in vivo spatial pattern of TBI-induced damage is not homogeneous (Colicos et al., 1996; Hicks et al., 1996; Levine et al., 2006; Lifshitz et al., 2003) , leading us to hypothesize that different brain regions posses different tolerance criteria. Different regions of the brain have different mechanical properties (Prange et al., 2002) , different cellular composition (Hansson et al., 1984; Soderback et al., 1989) , and different tissue architecture (Arbogast et al., 1998; Larsson et al., 1986; Mamata et al., 2004) .
The response of cortical organotypic slice cultures to non-mechanical injury has been studied (Cavaliere et al., 2006; Mooney et al., 2004; Shirakawa et al., 2006) . The high fidelity of cultured organotypic brain slices to tissue in vivo makes them a good model for injury since they maintain a native environment both in terms of the three dimensional organization and non-neuronal support cells (Noraberg et al., 1999) . Nissl stains of acutely dissected and cultured slices showed that after two weeks in culture, rat cortical organotypic slice cultures maintained tissue architecture and neuronal organization similar to that in vivo (Fig. 1) . Excitotoxic injury from exposure to 10 mM glutamate resulted in strong, and potentially maximal staining with the cell death marker PI (Fig. 2) . The identical image analysis method as was implemented for the mechanically injured slices was applied to these images and resulted in a mean cell death of 67% of the area of the slice. This verified that both the PI was a good marker of cell death in the slices and that quantification of close to maximal cell death was within the range of the particular analysis method used. In the present study, cultures were injured by equibiaxial stretch of the underlying substrate to which they were adhered. This paradigm has been shown to result in a uniform biaxial strain field in the plane of the membrane irrespective of location or orientation on the membrane (Morrison, III et al., 2006) . It has been previously estimated that ~70% of the tissue slice volume will experience >90% of the applied substrate strain (Morrison, III et al., 2003) . The injury device is capable of precisely controlling the strain history, specifically the maximum Lagrangian strain and strain rate. Both can be controlled over large ranges relevant to TBI (0.01 < strain < 1.00 and 0.1 < strain rate < 150 s -1 ). A potential limitation is if the tissue is not well adhered to the substrate, but high-speed video was analyzed to verify the applied strain (Fig. 3) , and samples that slipped were removed from the study.
Average cell death remained below 20% for all groups of injured slices which suggests that the cortical slices are quite robust to mechanical injury for strains at or below 0.35. The complete set of cell death data over time plotted in Fig. 5 revealed some apparent trends in the data which were further investigated.
Analysis of the main effects illustrated that cell death begins to increase at 1 day following injury with an almost linear increase over time post-injury (Fig.  6A) . Cell death also correlated well with strain, but interestingly, a threshold existed between strains of 0.10 and 0.20 (Fig. 6B) . Post-hoc tests showed that groups injured at 0.10 were not significantly different from controls suggesting that 0.10 Lagrangian strain is not sufficient to injure the cortex. In contrast, the groups injured at 0.20 and 0.35 Lagrangian strain were significantly different from controls and the 0.10 group. The last trend observed was the weak but significant correlation of cell death with the logarithm of strain rate (Fig. 6C) . Post-hoc tests confirmed a statistically significant difference between groups injured at 10 and 50 s -1 as compared to the 0.1, 1, and 20 s -1 groups (p < 0.05).
As a result of this analysis, the cell death function (1) incorporated all variables (time, strain, and strain rate) and reasonably fit the data over all experimental strain rates (Fig. 7) . Fitting four-day cell death data to equation (2) showed good agreement with equation (1) which also described the temporal progression of cell death over all days. For those less-interested in the temporal progression of cortical cell death, equation (2) is sufficient for predicting outcome at four days. The functional form of the cell death equations were arbitrarily chosen and make no assumptions about the tissue response. While the cell death equations reasonably fit the data, extrapolation to strains above 0.35 should only be done with caution. Additional functional forms, perhaps those that take into account the threshold at 0.10 strain, could more accurately fit the data and are worth exploring in the future.
The resulting cell death function for the cortex differs in several aspects from those we developed for the hippocampus (Cater et al., 2006) . Most striking is the magnitude of cell death. Cortical cell death was rarely above 15% at 4 days post-injury whereas the hippocampal cell death could reach up to 50% at strains of 0.35 and 0.50. Our results indicate that the cortex is much less vulnerable to stretch injury than the hippocampus which is supported by the heterogeneous pattern of cell death observed in vivo (Colicos et al., 1996; Lifshitz et al., 2003; Shreiber et al., 1999; Tran et al., 2006) .
Cortical cell death, while much less pronounced than hippocampal cell death, is initiated immediately following injury and progresses linearly with time thereafter (Fig. 6A) . The hippocampus, on the other hand, did not demonstrate significant cell death until day 3 following injury. This suggests that different biological mechanisms of injury may be responsible for the resultant cell death in cortical vs. hippocampal regions (DeRidder et al., 2006; Pike et al., 2000) .
Induced cortical cell death was dependent on strain rate whereas hippocampal cell death was independent of strain rate. It was surprising that hippocampal cell death was not strain rate dependent since brain is a viscoelastic tissue (Brands et al., 2000; Nicolle et al., 2005; Prange et al., 2002) and the induced stress is affected by the applied strain rate. Previous studies have identified a correlation of functional and short term injury with strain rate (Geddes et al., 2003a; LaPlaca et al., 1997; Singh et al., 2006a) but none have measured long-term cell death. In the hippocampus study, it was suggested that the longterm response may have been independent of strain rate, but in the present study, we show that even long-term outcomes can be affected by the applied strain rate. One possible explanation could be the increased stiffness of the cortex as compared to the hippocampus (Coats et al., 2005; Elkin et al., 2007) especially during high rate deformations . The increased stiffness of the cortex at higher deformation rates may induce higher tissue stresses resulting in direct injury of cortical cells or activation of different cell death pathways compared to the hippocampus.
Examination of the dependence on strain magnitude (Fig. 6B) indicates that a threshold for injury exists between 0.10 and 0.20 strains. Below this threshold (i.e. at 0.10 strain), the cortex is not significantly injured. Previous studies have identified thresholds of injury but have not performed systematic analysis at different strain rates (Bain et al., 2000; Margulies et al., 1990; Margulies et al., 1992; Shreiber et al., 1999) . Here, even at strain rates of 20 and 50 s -1 , the cortex was unaffected by a strain of 0.10. The hippocampus, however, did not produce a definitive threshold below which cell death was not significantly different than controls. Even at 0.05 strain, the hippocampus appeared vulnerable to stretch injury, further substantiating that the hippocampus is much more vulnerable to stretch injury than the cortex.
The differences observed may have a number of explanations. One could be that different cells of the cortex and hippocampus have different intrinsic tolerance criteria. Different types of neurons respond differently to specific, non-mechanical, injury mechanisms (Haas et al., 2004; Zhao et al., 2000) . These differences may extend to mechanical injury as shown in dissociated neuronal cultures (Geddes et al., 2003b) where the authors suggested that an explanation for the increased susceptibility of hippocampal vs. cortical neurons could be the increased density of NMDA receptors in the hippocampus as compared to the cortex (Monaghan et al., 1985) . The tissue architecture also differs between the cortex and the hippocampus. The laminar organization of neurons in the hippocampus is quite different from the columnar organization in the cortex and could result in different loading conditions at the single-cell level that may, in part, explain the strain rate dependence of the cortex. LaPlaca et al. have shown that cell death in a construct may be correlated with fiber strain which is dictated by the local orientation of neurites with respect to the global strain field (Cullen et al., 2006; LaPlaca et al., 2005) . Finally the presence of different support cells between the two regions may leave the hippocampus more vulnerable to injury than the cortex. In the hippocampus, pyramidal neurons are likely to be the principle cells that die following stretch injury given the concentration of PI staining within the pyramidal cell layers (Cater et al., 2006; Morrison, III et al., 2003; Morrison, III et al., 2006) . It is less clear however which cells are dying and when they are dying in the cortex following injury. This is a topic that will require further examination and may shed light on tissue-specific mechanisms of injury.
One limitation of this study is whether these results can be applied to human FE models or if they are specific to the rat. A direct comparison of cultured human tissue to our results would directly answer this question. Another limitation is that our model of injury employs an equibiaxial stretch while some investigators have postulated that shear strain is a better indicator of cell death and more representative of in vivo tissue behavior during an injury event. Our model however does recapitulate the complex in vivo 3-D state of stretch, compression, and shear strain if one assumes that brain is incompressible (Darvish et al., 2001; Lippert et al., 2004) . The in-plane equibiaxial stretch is prescribed, but the 3-D tissue culture experiences compression in the third direction and shear along other axes. In addition, cell death has not yet been examined with this injury model at any time point after 4 days post-injury. Future studies will focus on whether measures at 4 days post-injury represent ultimate cell death. Finally, our model does not incorporate systemic factors which may contribute to the cellular response to injury. Our simplified system however allows us to measure the tissue's intrinsic injury response while providing unfettered access for repeated measures, as well as the option to incorporate systemic factors in a controlled manner to assess their individual effect.
CONCLUSION
We have quantitatively assessed the cortical cellular response to precisely defined mechanical injury parameters using our well-characterized in vitro injury model.
The cortex response differs significantly from the hippocampus response substantiating our hypothesis that different brain regions respond differently to identical mechanical stimuli. These region-specific tolerance criteria will serve to better predict physiologic outcomes from computational FE simulations of TBI. Specifically, we have found that the cortex is overall much less vulnerable to injury than the hippocampus with a threshold for injury above 10% and below 20% Lagrangian strain. We also found that strain rate is a significant factor for predicting cortical cell death. Our findings have been incorporated into a cortex cell death function which may be capable of predicting injury severity based on biomechanical output from injury FE models. 
